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Abstract 
Since the experimental discovery of graphene, two dimensional materials have enjoyed 
more attention and emphasis in academic research than nanowires, but the latter are an important 
area of study for creating 1D materials, or single atom chains, the next generation materials for 
advancing electronic devices. Atomically thin layers can be generated from 2D materials with 
weak bonds in one direction, and by applying this concept to one dimensional weakly bonded 
materials, we hypothesize that single atom chains with atomic-scale diameters may be produced. 
Tellurium (Te) and selenium (Se) have lattices consisting of spiral chains oriented along the c-
axis, and each chain weakly bonds with others to form a bulk crystal. Since Te exhibits higher 
mobility than Se, nanoscale Te was the primary focus of this work.  
Trigonal Te single crystals were exfoliated, without tape, on oxidized silicon substrates. 
Atomic force spectroscopy revealed that Te nanowires with heights of only 1–2 nm and widths 
less than 100 nm were successfully fabricated. Anisotropic Te flakes with a thickness of 15 nm 
showed ridges running along the length of the flake surfaces. A1 and E Raman modes of a 30 nm 
thick flake were consistent with those of bulk Te, but they showed a slight blueshift (4 cm-1). 
Polarized Raman spectroscopy was used to determine the crystal orientation of the flakes. 
Te and Se crystals were also grown on SiO2 substrates by physical vapor deposition. Te 
flakes and wires with heights of 60 nm and 30 nm were obtained; Se flakes with a height of 30–
40 nm were also obtained. The synthesized Te wires were utilized in electron transport 
measurements. A four-terminal device showed a mobility of 51 cm2V-1s-1 at 2.8 K, a mobility 
lower than predicted due to the low quality of the Te wire. The contact resistance and resistivity 
of Te were estimated to be 9.4 kΩ and 9.4×10-4 Ω∙m by applying a correction factor of 0.6. 
Another successfully fabricated two-terminal device showed a mobility of 1032 cm2V-1s-1 at 10 
  
 
K, which is a promising enough result to suggest that such a device could be used for quantum 
transport measurements. 
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Chapter 1 Introduction 
1.1 Nanoscale and ballistic transport 
Semiconductor nanowires have been extensively investigated for their unique electrical, 
optical, and mechanical properties. Compared to bulk crystal material, the nanoscale size of 
nanowires and the many properties related to their small scale make them an attractive material 
for application in a broad range of fields such as chemical sensors [1-3], lasers [4-6], 
photodetectors [7, 8], and transistors [9-11]. Simply scaling down a certain device from two 
dimensions to one dimension enables the fabrication of higher density devices while still 
following Moore’s law. And from an electrical and physical property standpoint, electron 
transport in nanowires is classified as a mesoscopic system under certain conditions such as low 
temperature and low bias voltage.  One important phenomenon is the ballistic transport with 
quantized conductance.  
The first quantized conductance was observed in the two-dimensional electron gas 
(2DEG) of a GaAs-AlGaAs heterojunction by applying a point contact structure [12, 13]. In this 
regime, electrons were repelled by the negative gate voltage, and thus conductance decreased by 
taking the step values of 
𝑒2
ℎ
 with increasing negative gate voltage (Figure 1.1). The conductance 
quantum, 
𝑒2
ℎ
, was obtained by taking into account the one-dimensional (1D) density of states 
[12].  We assume that there is no scattering within the wire of length L, treating it as a single 1D 
subband. Generally, the density of states is defined as  
𝑔(𝐸) =
𝜕𝑁
𝜕𝐸
=
𝜕𝑁
𝜕𝑘
𝜕𝑘
𝜕𝐸
(1. 1) 
where N is the total number of states, k is the wave number, and E is the energy. The total 
number of states N in an one-dimensional system is calculated by accounting for k-space [14]. 
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The volume of a wire in k-space is either positive or negative k, depending on the current flow, 
and the volume occupied by one state is 
2𝜋
𝐿
. Thus, the total number of states N is 
𝑁 = 𝑔𝑠𝑘
1
(
2𝜋
𝐿 )
1
𝐿
= 𝑔𝑠
𝑘
2𝜋
(1. 2) 
where 𝑔𝑠 is the degeneracy of electron spin. From Equation (1.2), the following equation is 
obtained. 
𝜕𝑁
𝜕𝑘
=
𝑔𝑠
2𝜋
(1. 3) 
The energy E is expressed as  
𝐸 =
ℏ2𝑘2
2𝑚∗
 
where ℏ is the reduced Planck constant and 𝑚∗ is the effective electron mass. This equation is 
transformed to  
𝜕𝑘
𝜕𝐸
=
1
ℏ
√
𝑚∗
2𝐸
(1. 4) 
By substituting Equation (1.3) and (1.4) into (1.1), 1D density of states is calculated as 
𝑔(𝐸) =
𝑔𝑠
2𝜋ℏ
 √
𝑚∗
2𝐸
(1. 5) 
The current I flowing through the wire is expressed as [12] 
𝐼 = 𝑒𝑛𝛿𝑣 (1. 6) 
where e is the electron charge, n is half the number of carriers per unit length, and 𝛿𝑣 is the 
increase of electron velocity. The number of carriers is calculated by integrating Equation (1.5). 
Half of the total carriers n can then be calculated as follows 
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𝑛 = ∫ 𝑔(𝐸)𝑑𝐸
𝐸𝐹
0
=
𝑔𝑠
𝜋ℏ
√
𝑚∗𝐸𝐹
2
=
𝑔𝑠𝑚
∗𝑣𝐹
2𝜋ℏ
(1. 7) 
where 𝐸𝐹 is the Fermi energy and 𝑣𝐹 is the Fermi velocity. When voltage V is applied to the 
wire, the increase of electron velocity is obtained from the following equation. 
𝑒𝑉 =
1
2
𝑚∗(𝑣𝐹 + 𝛿𝑣)
2 −
1
2
𝑚∗𝑣𝐹
2 = 𝑚∗𝑣𝐹𝛿𝑣 +
1
2
𝑚∗𝛿𝑣2 ≈ 𝑚∗𝑣𝐹𝛿𝑣 (1. 8) 
In Equation (1.8), it is assumed as 𝛿𝑣 ≪ 𝑣𝐹. From Equation (1.8), 𝛿𝑣 is expressed as 
𝛿𝑣 =
𝑒𝑉
𝑚∗𝑣𝐹
(1. 9) 
By substituting Equation (1.7) and (1.9), the current I is expressed as 
𝐼 =
𝑔𝑠𝑒
2
2𝜋ℏ
𝑉 = 𝑔𝑠
𝑒2
ℎ
𝑉 (1. 10) 
where h is the Planck constant. This gives conductance 𝐺 = 𝑔𝑠
𝑒2
ℎ
 (
𝑒2
ℎ
= 3.874 × 10−5 S) and 
resistance 𝐺−1 =
ℎ
𝑔𝑠𝑒2
 (
ℎ
𝑒2
= 25.8 kΩ). This resistance is attributed to the impedance 
mismatching contact resistance. Generally, the conductance of ballistic transport is expressed by 
the Landauer formula [15], 
𝐺 = 𝑔𝑠
𝑒2
ℎ
𝑀𝑇 (1. 11) 
where M is the total number of subbands and T is the transmission probability inside the wire. 
Equation (1.11) can also be written as 
𝐺−1 =
ℎ
𝑔𝑠𝑒2𝑀
1
𝑇
=
ℎ
𝑔𝑠𝑒2𝑀
+
ℎ
𝑔𝑠𝑒2𝑀
1 − 𝑇
𝑇
(1. 12) 
The first term is the impedance mismatch contact resistance, and the second term indicates the 
intrinsic resistance of the wire. In such a case that the scattering inside wire is large (electron 
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mean free path ≪ 𝐿), the second term becomes dominant, and this equation gives ohm’s law (see 
Ref. [15]). 
 
Figure 1.1: The quantized conductance of two-dimensional electron gas of GaAs-GaAlAs 
heterojunction with point contact structure [13]. 
 
1.2 Motivation 
After the experimental discovery of graphene, two dimensional materials have obtained 
more attention and research effort than nanowires. Atomically thin layers can be generated from 
these 2D materials with weak bonds in one direction, and by applying this concept to one 
dimensional weakly bonded materials, single atom chains with atomic-scale diameters may be 
produced from those materials as illustrated in Figure 1.2. Two exemplary 1D weakly bonded 
materials are trigonal tellurium (Te) and selenium (Se), which have lattices consisting of spiral 
chains oriented along the c-axis, each spiral having three atoms per turn with adjacent chains 
arranged hexagonally. The chains are bound together to form a single crystal through the van der 
Waals force [16] or perhaps more accurately as a weakly bonded solid [17]. While there are 
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many 1D weakly bonded materials from which to choose, several properties of isolated Se and 
Te semiconductor atom chains set them apart from other 1D atomic layered materials. For 
example: 
1. Since they are composed of a single element, an isolated Te or Se atom chain would have 
the smallest diameter of any known 1D material. In the case of Te, the height of the 
triangular spiral cross-section is 2.3 Å, and the inter-chain distance is 3.5 Å [18]. 
2. Te and Se are predicted to have direct band gaps [19, 20] of around 1 eV [21] and 2 eV 
[20], respectively, with strongly thickness-dependent band gaps, creating new 
opportunities for tiny, wavelength tunable detectors and emitters. 
3. Strong light-matter interaction provided by 1D density of states and enormous exciton 
binding may contribute to a device which is sensitive to the dielectric constant of 
surrounding materials. In case of Se single atom chains, the exciton binding energy in a 
vacuum was simulated as 2.77 eV [20]. 
4. One dimensional quantum conductor of ballistic electron transport is expected due to 
high mobility. The Hall mobility of bulk Te was recorded as 7700 cm2V-1s-1 at 77 K [22]. 
5. Strong spin-orbit coupling [23] creates an opportunity for spin-orbit qubit devices [24]. 
 
Figure 1.2: Schematic illustration of the concept of single atom chains from one dimensional 
weakly bonded materials. 
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1.2 Background about tellurium 
Tellurium (Te) and selenium (Se) are group Ⅵ elements, and they have a unique crystal 
structure not seen in other elements. Each atom can covalently bond to one another, forming a 
single helical chain along the c-axis. These chains are weakly bonded and form a hexagonal 
shape in the (001) plane (Figure 1.3).  It is possible to synthesize single atom chains with either 
element. However, we primarily focused on Te because it is known to exhibit higher mobility 
than Se, making it more highly suited for use in electron transport measurements; the Hall 
mobilities of bulk Te and Se at room temperature are 2000 cm2V-1s-1 and 20 cm2V-1s-1 [25], 
respectively.  
Te is a nearly direct p-type semiconductor [26] whose bandgap was experimentally 
measured to be around 0.33 eV. Several methods have been proposed to obtain nanoscale Te, but 
the most common method for obtaining nanowires is the reduction method in a liquid phase [27-
30]. In this method, certain surfactants can further encourage bonding in the c-axis direction by 
forming rod-shaped micelles that assist in unidirectional growth. The thinnest nanowire 
synthesized by this method had a diameter of 4-9 nm and a length of tens of micrometers [27]. 
Similarly, by applying different reagents, Te nanowires with 7 nm diameter were fabricated [28]. 
Another method commonly used is physical vapor deposition [31, 32]. Nanowires have been 
produced by this method on Si(111) substrates, with typical diameters of 150–200 nm at the base 
and 50–70 nm at the tip [31]. Another method to prepare one dimensional tellurium is utilizing 
zeolite pores [33, 34]. In Ref. [33], polarized Raman spectroscopy revealed that fabricated Te 
inside the zeolite pores was neither amorphous nor ring shaped molecules. Since one Te Raman 
peak was only detected along the c-axis of zeolite pores, it was concluded that isolated Te chains 
were fabricated along the c-axis of the zeolite pores. Atomic level Te wires have also been 
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demonstrated using carbon nanotubes (CNTs) [35, 36]. Vaporized Te was introduce into a CNT, 
and a double helix twist Te chain encapsulated inside CNT was observed by TEM [35]. In Ref. 
[36], a single Te atom chain was formed, and its structure was controlled from linear to zigzag 
by increasing the diameter of single-walled CNT.  
 
Figure 1.3: Schematic illustration of the crystal structure of Te and Se [18]. 
 
1.3 Organization 
Chapter 2 covers the topographical and optical characterizations of thin flakes and ultra-
thin wires fabricated by mechanical exfoliation of single crystal Te. In chapter 3, Te and Se 
crystal wires were grown by physical vapor deposition on SiO2 substrates and r-plane sapphire 
substrates with atomic steps. In chapter 4, the Te nanowires synthesized in chapter 2 were 
characterized by electron transport measurements. Of the three devices successfully fabricated 
(device 1-JA, 1-WI, and 2-SF), device 1-JA exhibited a mobility of 1032 cm2V-1s-1 at a 
temperature of 10 K, which is a promising enough result to suggest that such a device could be 
used for quantum transport measurements. The summary and future work of this research are 
described in chapter 5.  
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Chapter 2 Mechanical exfoliation of single crystal tellurium 
2.1 Introduction 
The most common method of mechanical exfoliation is the scotch tape method. In this 
method, half of a sticky tape is pressed onto the sample then peeled away, taking with it several 
layers of the sample. The other half of the tape is then pressed repeatedly to the half containing 
the sample, thereby exfoliating it. Thin layers of the sample are afterwards deposited onto a SiO2 
substrate by pressing the exfoliated sample-loaded tape to the substrate, then peeling it away.  
Another example of mechanical exfoliation method is the rubbing method. Few-layer thin flakes 
of graphene, hexagonal boron nitride (h-BN), molybdenum disulphide (MoS2), and tungsten 
disulphide (WS2) have been produced by rubbing their bulk powders [37]. As described in 
chapter 1, Te is a one dimensional weakly bonded material, but it was challenging to exfoliate by 
the scotch tape method because single crystal Te is a hard and fragile crystal, and because its 
surface is difficult to peel layers of the crystal off with tape. Therefore, we selected the rubbing 
method for exfoliating single crystal Te. 
 
2.2 Mechanical exfoliation  
Silicon substrates with 300 nm thermal oxide layer were sonicated in acetone and IPA 
solution for 3 minutes. Then, they were treated with oxygen plasma for 30 seconds to increase 
the adhesion of Te. Trigonal Te single crystals (Figure 2.1 (a)) were manually rubbed on the 
silicon substrate with the c-axis of the crystal perpendicular to the direction of the rubbing 
motion. Thin Te flakes were identified using contrast with an optical microscope. Thin Te flakes 
showed up with a progression of colors in reflected light microscopy with the thinnest crystals 
appearing as darker greens and blues on this silicon substrate (Figure 2.1 (b)).  
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Figure 2.1: (a) Trigonal single Te crystal. (b) Optical microscopy image of mechanically 
exfoliated Te flakes. 
 
2.3 Te flake 
Tellurium was exfoliated in anisotropic linear bands. Atomic force microscopy of some 
of these bands reveals heights in the 10–15 nm range (Figure 2.1Figure 2.2 (b)), with ridges 
running along the length of the bands that are evident in both the height image and the height 
profile taken perpendicular to one of the bands as shown in Figure 2.2 (c). The modulated 
surface pattern and variation in wire width are evidence that the atom chains randomly break 
away from the bulk crystal both laterally and vertically, unlike 2D layered materials such as 
graphene which exfoliate with mostly flat surfaces whether a tape or sliding technique is used.  
  
(a) (b) 
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Figure 2.2: (a) Optical microscopy image of Te flakes. (b) AFM image of area indicated by the 
red rectangle in (a). (c) Height profile of (b). 
 
2.4 Ultra-thin Te wire 
We were able to obtain wires of 1–2 nm thickness using this sliding technique. For 
example, the atomic force microscope images of the second sample reveal a similar anisotropic 
structure of the exfoliated material (Figure 2.3 (a)), as well as significantly narrower Te 
nanowires with heights in the subnanometer range (Figure 2.3 (b)-(d)) or at least corresponding 
to two to four chains for an inter-chain distance of 3.5 Å [18]. These ultrathin Te nanowires have 
lengths of 100–200 nm (Figure 2.3 (a)). A height profile taken along the c-axis direction (green 
line in Figure 2.3 (b), green curve in Figure 2.3 (d)) indicates that the surface roughness along 
the top of this 2–3 nm tall nanowire is comparable to or less than that of the SiO2 substrate.   
10 μm 
(a) 
(b) 
(c) 
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Figure 2.3: Ultra-thin wires. (a) Optical microscopy image. (b,c) AFM image. (d) Height profiles 
of (b). 
 
We further characterize the exfoliated Te by Raman spectroscopy. The Raman spectrum 
of bulk Te at room temperature is dominated by two sets of modes: an A1 singlet at 120 cm−1 
and a pair of E doublets at 92 (104) and 141 (141) for transverse (longitudinal) phonons [38]. 
The A1 and E modes of trigonal Te may be visualized as symmetric and antisymmetric breathing 
modes of the triangular cross-section of the Te chain [39]. This spectrum is reproduced in Figure 
2.4 (a) for an excitation wavelength of 633 nm, with the lower E mode absent because of the 
(a) (b) 
(c) (d) 
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polarization direction of the incident light [23]. Peak positions agree with those reported in Ref. 
[38] to within 1 cm−1.  
The Raman spectrum of an approximately 30 nm thick Te flake (red circle in Figure 2.3 
(a)) shows the same two peaks, shifted to slightly higher frequencies (Figure 2.4 (a)). The 
measured Raman peak of the silicon substrate at 520.9 cm−1 indicates that the spectrometer was 
calibrated to better than 1 cm−1. Despite a slight asymmetry in the Raman peaks for both bulk 
and exfoliated Te, a pair of Lorentzians fits the spectra reasonably well (black curves in Figure 
2.4 (a)). Peak parameters extracted from the fits indicate a mode hardening for the exfoliated 
flake relative to the bulk crystal of 4 cm−1 for the A1 mode and 2 cm−1 for the E mode. One 
interpretation of this mode hardening is a flake-substrate interaction, which can occur if the Te is 
strained as it is exfoliated on the SiO2 substrate. Interaction with the substrate also generically 
hardens the radial breathing modes of carbon nanotubes [40]. Another possibility is that inter-
chain interactions were reduced in ultra-thin Te because a significant fraction of chains is 
missing one or more neighbors. A naïve expectation would be that weaker inter-chain coupling 
would soften the A1 mode; however, applying pressure to Te crystals is known to reduce the A1 
frequency [41]. Our measurement of a smaller shift for the E mode than the A1 mode (Figure 2.4 
(a)) is also consistent with the pressure dependence reported in Ref. [41], but substrate-induced 
strain may be expected to produce similar behavior. We are unable to conclude within the scope 
of this work whether substrate interaction or reduced inter-chain interactions are responsible for 
the spectral shifts we observed. 
For the sample shown in Figure 2.3, both optical and atomic force microscopy display 
elongated, horizontally aligned Te flakes, which suggests that the c-axis of the Te crystal is 
horizontal in these images. However, the AFM images (Figure 2.3 (b) (c)) also show that a 
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significant fraction of the exfoliated flakes, particularly the thinnest ones, are tilted 45° away 
from horizontal. To confirm the crystal orientation of this sample, we used polarization-resolved 
Raman spectroscopy. The polarization of the excitation beam was rotated with a half-wave plate, 
and the integrated Raman intensity from 85 to 170 cm−1 is shown in Figure 2.4 (c). The 
intensities were normalized by the laser power under the microscope objective measured at each 
polarization angle. The Raman intensity shows two maxima within one full rotation, located at 
45° and 225° with respect to the X and Y axes defined in the microscope images (Figure 2.3). 
Meanwhile, the optical absorption and polarizability of bulk Te at 633 nm is stronger for 
light polarized perpendicular to the c-axis than for parallel polarization [42]. For Te flakes with 
nearly bulk-like optical properties (Figure 2.4 (a)), we therefore expect Raman intensity to be 
higher for light polarized perpendicular to the c-axis. Based on the angle of the Raman maximum 
in Figure 2.4 (c), we concluded that the Te nanowires oriented at 45° in Figure 2.3 (c) were 
elongated parallel to the c-axis for that sample. Because different Te flakes on the same substrate 
were used for Raman spectroscopy and AFM, an assumption of this conclusion is that the crystal 
axes are the same for all exfoliated flakes shown in Figure 2.3 (a). This assumption would not be 
appropriate for flakes prepared by the traditional tape exfoliation method, but it is a reasonable 
assumption for the unidirectional rubbing technique used here. These observations demonstrated 
that polarized Raman spectroscopy is sufficient to determine the crystal orientation of nanoscale 
exfoliated Te. This technique is useful in practice given that optical and atomic force microscopy 
do not provide unambiguous information about crystal orientation.  
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Figure 2.4: Polarized Raman spectroscopy of ultra-thin Te wire. (a) Polarized Raman spectra of 
bulk and ultra-thin wire under the same excitation condition (633nm, polarization parallel to c-
axis). (b) Raman mode diagram in Ref. [23]. (c) Polar plot of Raman intensity averaged over the 
spectral range in (a). 
 
2.5 Oxygen plasma effect on tellurium flakes  
2.5.1 Height of Te flake 
Oxygen plasma can be used for etching thin flakes of materials. For example, it has been 
used to decrease the thickness of graphene from two layers to one layer [43]. We applied this 
technique to fabricate the thin Te flakes described in §2.2. Figure 2.5 (f) shows a decrease in the 
height of the flake with increasing oxygen plasma exposure time. Figure 2.5 (g) is the 
(a) (b) 
(c) 
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relationship between average height of (f) and oxygen plasma exposure time. The slope of (g) is 
notably not linear at the beginning of the plasma exposure. Another interesting phenomenon that 
occurred when this method was applied was the change in the surface structure of the flake. As 
the plasma exposure time increased, holes steadily appeared on the flake surface. This can be 
attributed to the thought that defects originally located on the Te flake surface were highly 
susceptible to reacting with the plasma. 
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Figure 2.5: AFM images after oxygen plasma etching for (a) 0 sec (b) 30 sec (c) 150 sec (d) 270 
sec (e) 390 sec. (f) Height profile of (a-e). (g) Average height in (f) vs oxygen plasma exposure 
time. 
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2.5.2 Raman intensity  
After performing plasma etching, there were no Te peaks visible in the Raman spectra. 
This may have been because the intensity of the oxygen plasma treatment might have affected 
the Te crystal structure. In order to confirm this theory, an experiment was design to observe the 
relationship between the plasma etching technique and the resulting Raman Te peaks. Table 2.1 
shows the oxygen plasma treatment conditions. Figure 2.6 (a) and (b) are the optical images 
before and after the 5th plasma treatment, and (c-e) are the Raman intensity changes after plasma 
treatment of flakes 1–3 indicated in (a), respectively. The Raman spectra for each Te flake were 
normalized to the silicon Raman peak at 520.9 cm-1, which was taken on the same SiO2 substrate 
away from any Te flakes in order to avoid the relative Raman peak intensity of Si to Te 
becoming larger due to the thickness decrease of Te flakes after oxygen plasma treatment. From 
(a) and (b), it can be seen that there is no significant flake color difference before and after 
oxygen plasma. However, from (c) and (d), it is apparent that the Te Raman peak intensity 
decreased each time plasma etching was performed after the first time. In the case of (e), the Te 
peak completely disappeared after the 4th plasma treatment. From these results, it seems likely 
that the decrease of the Te Raman peak can be attributed to the destruction of the Te crystal 
structure, or more simply to the decrease in the amount of Te.  
 
Table 2.1: Oxygen plasma treatment condition 
O2 plasma 
treatment 
Pressure Power Time 
[mtorr] [W] [s] 
1st 75 75 60 
2nd 75 75 120 
3rd 50 75 2 
4th 50 75 20 
5th 50 75 120 
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Figure 2.6: Optical images of (a) before and (b) after 5th plasma treatment. (c-e) Raman spectra 
change after oxygen plasma treatment for each flake indicated in (a). All Raman specra were 
normalized by using silicon peak at 520 cm-1 measured on the same SiO2 substrate away from 
any Te flakes. 
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2.6 The challenge of Te exfoliation 
Exfoliated Te flakes and wires are discussed in §2.2-2.4, focusing particularly on optical 
and structural characteristics. An important measurement with regards to Te flakes and wires is 
their electrical characterization, which we need materials of a relatively large lateral size (at least 
3–4 μm) in order to make metal contacts on them for performing electrical measurements. 
However, the probability of obtaining such thin flakes and wires was quite low. In most cases, 
only large crystal fragments with heights around 1μm could be exfoliated. Although blue colored 
Te was fabricated by exfoliation, those materials were too small to make contacts on them for 
performing transport measurements. Therefore, mechanical exfoliation was not an effective 
method for preparing a transport measurement sample. 
 
     
Figure 2.7: (a) Optical image, (b) AFM image and (c) height profile of bulk Te after mechanical 
exfoliation. 
 
 
Figure 2.8: Optical image of small particle Te after exfoliation. 
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Chapter 3 Physical vapor deposition of tellurium and selenium 
3.1 Introduction 
One of the methods for fabricating ultra-thin nanowires is using a substrate whose surface 
structure consists of atomic steps. Xiao et al. controlled the growth direction of single-walled 
carbon nanotubes using Y and Z-ST cut quartz by chemical vapor deposition (CVD) [44]. In Ref. 
[45], MoS2, which is a common 2D material, formed nanowires with 0.65 nm wire radius on an 
Au(111) surface by molecular beam epitaxy (MBE), and it was confirmed that those wires 
consisted of three atom chains by high-resolution NC-AFM. In addition to these experiment 
results using atomic step substrates, it is known that Te and Se tend to grow along their chain 
directions due to their anisotropic crystal structures. Because of this characteristic, the growth of 
Te and Se on atomic step substrates was hypothesized as a possible method for the synthesis of 
single atom chains. First, we focused on physical vapor deposition for Te and Se growth since 
this method is quite simple and less costly compared to CVD and MBE. To hunt for fabricated 
wires, we tried photoluminescence imaging technique, which is a technique commonly applied to 
capture images of carbon nanotubes [46, 47]. 
 
3.2 Physical vapor deposition on SiO2 substrates 
Te and Se were grown by using a two-zone furnace (Figure 3.1) as described in Ref. [48]. 
An amorphous Te or Se pellet and silicon substrate were each put on a boat, and those boats 
were placed inside a quartz tube 20 cm apart from each other. Prior to growth, silicon substrates 
were sonicated in acetone and IPA. During growth, argon (Ar) gas was flowing from the seed 
side to the silicon substrate side. To assist the Ar gas flow and prevent oxidation during growth, 
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a vacuum was drawn in the quartz tube by a vacuum pump.  Physical vapor deposition was 
primarily conducted by Rabindra Basnet and Krishna Pandey from Dr. Jin Hu’s laboratory.   
 
Figure 3.1: Image of physical vapor deposition set-up. 
 
3.3 Characterization of deposited tellurium and selenium 
3.3.1 Tellurium 
Physical vapor deposition of Te has been reported in several articles [49] [31] [32], and 
the formation of Te wires was observed. Because of the anisotropic crystal structure of Te, these 
wires tend to grow along the c-axis, and this has been confirmed in other articles by XRD [31] 
and TEM [32]. Figure 3.2 shows two examples of optical images after Te wires were grown on 
an SiO2 substrate with seed temperatures of 450 and 500 ℃. The deposition side temperature 
was set to 200 ℃ in each case. Through several growth experiments with different growth 
conditions, it was revealed that the thickness of the Te wire generally increased with increasing 
seed side temperature. From Figure 3.2, it is apparent that the height of these wires is in the order 
of μm or greater. In order to perform transport measurements, metal contacts need to be 
Cold zone Hot zone 
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fabricated so that there is no short or discontinuity. These samples were not suitable due to the 
high density of wires on the substrate and the relatively large height of wires. Wires were 
transported using tape (ULTRON SYSTEMS, 1009R-6.0) onto a new SiO2 substrate. This tape is 
less sticky than scotch tape, so an adequate amount of Te could be transferred onto a SiO2 
substrate. Figure 3.3 (a) illustrates the transported flakes and wires from Figure 3.2 (a) substrate, 
and Figure 3.3 (b) and (d) are AFM images of the flake and the wire indicated by the black 
circles in (a). From the AFM images, the height of both wire and flake were around 70 nm. We 
also characterized the flake by polarized Raman spectroscopy. From Figure 3.4, the x direction is 
determined as the c-axis because of the absence of the 92 cm-1 peak. Also, three Te peaks 
indicate that the fabricated Te was not amorphous but crystalline.  
 
  
Figure 3.2: Optical microscopy image of Te after physical vapor deposition with the seed side 
temperature of (a) 450 ℃ and (b) 500 ℃. 
 
10 μm 10 μm 
(a) (b) 
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Figure 3.3: (a) Optical microscopy image after transport of grown Te onto another SiO2 
substrate. (b) AFM image of the flake in (a). (c) Height profile of (b). (d) AFM image of the wire 
in (a). (e) Height profile of (d). 
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Figure 3.4: Polarized Raman spectra of the flake in Figure 3.3 (b). Inset image is the optical 
image of the flake. 
 
 Figure 3.5 shows the optical image about Te nanowires transferred onto another SiO2 
substrate after growth. The growth condition was same with the Figure 3.2 (a) (seed side 
temperature: 450℃). Compared with Figure 3.2 (a), almost all wires show the blue color, and the 
height of the wires were around 30 nm. Through the entire experiments, this sample exhibited 
the lowest height wires.  
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Figure 3.5: (a) Optical image of Te nanowires transferred onto another SiO2 substrate after 
growth. (b) AFM image of the wire indicated in a black circle in (a). (c) Height profile of (b). 
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3.3.2 Selenium 
Figure 3.6 (a) is the optical image after Se deposition which was carried out using Table 
3.1 growth conditions.  In Figure 3.6 (a), there are red colored particles and green colored wires. 
Figure 3.6 (b) is the Raman spectra overlay of a red colored particle and a green colored wire. 
The wire has a peak at 230 cm-1which corresponds to the crystalline peak, and the particle has a 
broad peak at 250 cm-1 which corresponds to the amorphous peak [50]. Regarding the structure 
of Se, many wires seed from the green colored particles. This growth mechanism of physical 
vapor deposition of Se is discussed in Ref. [49]. The structure change was observed at different 
temperatures, and it can be concluded that the formation of amorphous Se particles is followed 
by the growth of crystalline Se wires. The photoluminescence spectrum of a Se wire was also 
measured (Figure 3.6 (c)). This spectrum has a broad peak at around 700 cm-1 which matches 
that of the Se wires in Ref. [51].   
 
Table 3.1: Growth condition of Figure 3.6 (a) 
Temperature Growth time 
[minutes] 
Pressure 
[torr] 
Ar flow rate 
[l/min] Seed side [℃] Deposition side [℃]  
300 100 60 10 0.2 
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Figure 3.6: (a) Optical image after Se deposition. (b) Raman spectra of a wire and particle in (a). 
(c) PL spectra of a wire in (a). 
 
The deposited Se were exfoliated by the scotch tape method. Figure 3.7 (a) is the 
exfoliated Se on a SiO2 substrate, and Figure 3.7 (b) and (c) are the AFM measurement results 
for the two flakes indicated by the red and black circles. Regarding the AFM image of Figure 3.7 
(b), the left side of the flake was burned by the laser beam. The minimum flake height achieved 
for Te was around 60 nm, but for Se it was noticeably lower, as can be seen in Figure 3.7. This 
indicates that mechanical exfoliation is more effective for Se than Te. This difference derives 
from the anisotropy ratio of intra-chain and inter-chain bond strength. Since Se shows more 
anisotropic characteristics than Te, this facilitates the production of thinner Se flakes [17]. 
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Figure 3.7: (a) Optical image of exfoliated Se. (b) AFM image of Se flake shown in a red circle 
in (a). (c) Height profile of (b). (d) AFM image of Se flake shown in a black circle in (a). (e) 
Height profile of (d). 
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3.4 Annealing of r-plane sapphire substrates 
As described in §3.1, atomic step substrates can be used to achieve thin wire fabrication 
where the wires are aligned in the direction of the atomic steps. To obtain thin wires aligned with 
atomic steps, we focused on using r-plane sapphire as a platform for thin wire growth. By 
annealing a sapphire substrate at around 1000 ℃, each atom tends to move into its most stable 
position, and this results in an atomic step-like structure. Step width can be determined by the 
angle misalignment achieved by cutting the sapphire along a certain plane, and step height is 
related to the inter-plane distance. A 2-inch r-plane sapphire substrate was cut into 5×6 mm 
pieces and sonicated in acetone and IPA. Then, each piece of sapphire substrate was put into a 
crucible, and the crucible was covered by a lid so that the insulator material inside the furnace 
did not fall onto the sapphire substrate. Sapphire substrates were annealed for 3 hours at different 
annealing temperatures. Figure 3.9 shows the AFM images before and after annealing. Before 
the annealing, there were a lot of small dots on the substrate, but these were gone after annealing 
at each temperature. After 900 and 1000 ℃ annealing, the atomic steps of sapphire were 
observed, but each step was wave shaped. At 1100 ℃, each atomic step was a straight line, and 
the step height was around 0.4 nm. According to Ref. [52], the inter-plane distance can be 
calculated by Equation (3.1).  
𝑑ℎ𝑘𝑖𝑙 =
1
√ 4
3𝑎2
 (ℎ2 + 𝑘2 + ℎ𝑘) +
𝑙2
𝑐2
(3. 1)
 
In the case of r-plane sapphire, the plane is expressed as [11̅02], with lattice parameters 
a=4.76 Å and c= 12.99 Å. Thus, the inter-plane distance was calculated as 3.48 Å. This 
calculated distance is quite close to the experimental results, where step width was measured at 
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around 4 μm. From this result, the r-plane sapphire annealed at 1100 ℃ was used for Te atom 
chain growth.  
 
Figure 3.8: Annealing profile. 
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Figure 3.9: AFM image and height profile before (a-c) and after annealing for 3 hours at (d) 900 
(e) 1000 (f) 1100 ℃. (g-i) are the height profiles for each substrate (d-f).   
0
0.2
0.4
0.6
0.8
0 0.2 0.4 0.6 0.8
H
ei
g
h
t 
[n
m
]
Position [μm]
0
0.2
0.4
0.6
0.8
0 0.2 0.4 0.6 0.8
H
ei
g
h
t 
[n
m
]
Position [μm]
0
0.2
0.4
0.6
0.8
0 0.2 0.4 0.6 0.8
H
ei
g
h
t 
[n
m
]
Position [μm]
(a) (b) (c) 
(d) (e) (f) 
(g) (h) (i) 
 32 
 
3.5 Physical vapor deposition on atomic step substrates 
An annealed sapphire substrate prepared as described in §3.4 was set in a quartz tube 
with the atomic steps aligning with the direction of Ar gas flow. To avoid oxidation of Te and Se 
surfaces, the grown sample substrates were immediately transferred into a glove box to protect 
from air exposure. During microscope observation, the sample was placed in a small box filled 
with Ar gas and with a thin cover glass for microscope observation (Figure 3.10). To identify the 
small Te and Se wires which were not observable using bright and dark field imaging, photo 
luminescence (PL) imaging was employed. A wavelength of 450 nm of LED was used as the 
light source for PL imaging. The band gap of bulk Te is 0.3 eV, but this gap increases with 
decreasing thickness of the Te material. According to Ref. [21], the band gap increase was 
revealed experimentally to be as high as 0.92 eV for monolayer Te. By decreasing the thickness 
of Te, the band gap changes from a nearly direct band gap to a direct band gap [19]. Meanwhile, 
the PL wavelength of Se was observed at around 700 nm in §3.4, and this corresponds to a band 
gap of 1.77 eV. In addition, the band gap of a Se atom chain has been simulated as 2.7 eV [20]. 
Because of these facts, we hypothesized there was a chance that thin Te and Se wires could be 
observed using PL imaging. We looked for thin wires which were visible in PL imaging mode 
and not visible in bright field mode. We checked for both Te and Se after deposition on an 
atomic step substrate.  
 
Figure 3.10: Argon gas filled box for optical microscope imaging. 
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Table 3.2 lists the growth conditions, and all growths were conducted on annealed 
sapphire substrates. Figure 3.11 (a) is the optical image of Te wires grown by No.8 growth 
conditions listed in Table 3.2. In Figure 3.11 (a), large Te wires are observed to have been 
deposited with random growth directions. Figure 3.11 (b) shows the PL mode image of the same 
sample. From this figure, no emissions were observed except for those produced by the sapphire 
substrate. Several of the growth conditions listed in Table 3.2 were attempted, but PL emissions 
from Te were not observed. Table 3.3 indicates the growth condition of Se on a sapphire 
substrate. Similarly, there is no significant differences for Se growth between SiO2 substrate and 
atomic step substrate.  
 
Table 3.2: Growth condition of Te on a r-plane sapphire substrate 
No. 
Temperature Growth time 
[minutes] 
Pressure 
[torr] 
Ar flow rate 
[l/min] Seed side [℃] Deposition side [℃]  
1 450 180 30 2.4 0.2 
2 450 0 30 48.7 0.2 
3 450 100 15 48 0.3 
4 450 180 60 10 0.2 
5 450 0 15 49 0.2 
6 550 350 30 35 0.5 
7 450 0 15 45 0.3 
8 450 180 30 10 0.3 
9 450 180 60 10 0.2 
10 450 100 15 50 0.3 
11 450 180 80 1.5 0.2 
12 450 0 30 45.5 0.2 
13 400 150 60 10 0.2 
 
 34 
 
 
 
Figure 3.11: Optical image after PVD deposition of Te. (a) Bright field image. (b) PL mode 
image. 
 
Table 3.3:Growth condition of Se on a r-plane sapphire substrate 
No. 
Temperature Growth time 
[minutes] 
Pressure 
[torr] 
Ar flow rate 
[l/min] Seed side [℃]  Deposition side [℃] 
1 300 150 60 45 0.4 
2 320 200 60 50 0.5 
3 350 150 60 10 0.8 
4 350 150 60 40 0.3 
5 300 100 60 10 0.2 
6 300 130 30 50 0.2 
7 350 150 60 2 1 
8 300 100 30 10 1 
9 300 100 60 100 0.2 
10 300 250 60 10 0.4 
11 350 150 60 2 0.5 
12 250 100 60 2 0.2 
13 350 100 60 7.5 0.2 
20 μm 
20 μm 
(a) 
(b) 
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Chapter 4 Transport measurement of Te wire 
4.1 Introduction 
Devices composed of Te flakes or wires have been emerging rapidly. Zhou et al. 
fabricated Te wire field-effect transistors [53], and Wang et al. demonstrated the manufacturing 
of Te flake field-effect transistors [26]. In Ref. [26], the field effect mobility of Te flakes was 
recorded at around 700 cm2V-1s-1 at room temperature, which is comparable with other 2D 
materials. In addition to these electrical devices, Te flakes have been used in optoelectrical 
device such as photodetectors [54] [55]. Recently, quantum effects have also been demonstrated 
using Te flakes. In Ref. [23], magneto-transport measurements were performed, and weak anti-
localization (WAL) and universal conductance fluctuation (UCF) were observed at a low 
temperature (0.4 K). From the result of the temperature dependence of UCF, the group 
concluded that the c-axis electron transport was one dimensional when a magnetic field was 
applied along the c-axis. Other examples of observed quantum effects are the quantum Hall 
effect (QHE) and Shubnikov−de Haas (SdH) oscillation. Qiu et al. [56] succeeded in observing 
these two phenomena using a Te flake 10 nm in height. Since several quantum effects have been 
observed with Te flakes, a nanowire of Te may exhibit interesting electrical properties related to 
quantum effects. In this chapter, we investigated the electrical properties of the Te nanowires 
fabricated by physical vapor deposition in chapter 3.  
 
4.2 Device fabrication 
Te wires were grown by physical vapor deposition. Then, these wires were transferred 
using adhesive plastic film tape (ULTRON SYSTEMS, 1009R-6.0) onto a silicon substrate with 
300 nm of thermal oxide as described in §3.3.1. Prior to fabricating the contacts on each wire, 
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the gold markers with height of 60 nm were fabricated in order to determine the position of each 
wire and make contact design on it. The process for fabricating the gold markers and contacts 
was summarized in Figure 4.1, and details of the fabrication recipe are described in Appendix. A 
dose of 180 μC/cm2 for electron beam lithography was chosen from the dose test results shown 
in Figure 4.2. During the device fabrication, the Te wires were exposed to the air, so their 
surfaces underwent oxidation. To remove the oxidized layer, device chips were immersed in 
25 % hydrochloric acid (HCl) for 2 minutes. Gold was chosen for the metal contacts because its 
work function is compatible with that of tellurium. Tellurium is a p-type semiconductor, and its 
work function is 4.95 eV. Since the work function of gold is 5.10–5.47 eV, an Ohmic contact is 
formed between these materials. Because gold does not stick to SiO2 substrate surface very well, 
0.9 nm of chromium was used as an adhesion layer for the gold contacts. When the amount of 
evaporated chromium is large, a chromium film is deposited on the silicon substrate. If this 
evaporated quantity is reduced to a very small amount, chromium deposits in dots instead of a 
film. Although the work function of chromium is smaller than tellurium, Ohmic contact between 
gold and tellurium can be formed because Cr forms dots instead of a thin film. Also, the Cr 
thickness is less than a Fermi wavelength, which results in the Ohmic contact. The fabricated 
devices are shown in Figure 4.3. Degenerately doped Si substrates were used as back gates. 
 
Figure 4.1: Contact fabrication process. 
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Figure 4.2: Optical microscopy images after the develop for dose test (a) 180 (b) 200 (c) 220 (d) 
240 (e) 260 μC/cm2. (g) Pattern design for the dose test. 
(a) (b) (c) 
(d) (e) (f) 
(g) 
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Figure 4.3: Optical microscopy images of Te wire Devices (a) 1-JA (b) 1-WI (c) 2-SF. 
5 μm 
5 μm 
(a) (b) 
(c) 
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Figure 4.4: AFM image and height profile of Te wire for (a,b) device 1-JA and (c,d) device 1-
WI. 
 
4.3 Measurement set-ups 
Transport measurements were performed using an optical cryostat (Figure 4.5 (a)). 
Because devices 1-JA and 1-MI had only 2 contacts, they were characterized by 2-wire 
resistance measurement. Regarding device 2-SF, a 4-wire resistance measurement was applied to 
measure the sample resistance more accurately. To measure the differential conductance, 2-wire 
voltage bias measurement was performed for each contact segment of device 2-SF using a lock-
in amplifier technique. There are two methods to determine conductance: by calculation of 
𝑑𝐼
𝑑𝑉
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analyzed after each measurement and a relatively large number of data points are required so that 
the differentiated graph is a smooth curve with low noise. For the latter method, low amplitude 
AC voltage is applied to the DC voltage as illustrated in Figure 4.7. This small voltage amplitude 
change induces a small AC current in the sample. By dividing measured AC current by applied 
AC voltage, we can obtain conductance directly during the I-V measurement. In our experiment, 
the sampling frequency of the lock-in amplifier was set to 73 Hz, and the output amplitude was 
set to either 150 or 32 mV to apply 150 μV to Te wires (Figure 4.6). 
 
     
Figure 4.5:Image of (a) optical cryostat and (b) device. 
(a) (b) 
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Figure 4.6: Schematic illustration of 2-wire voltage bias measurement. 
 
Figure 4.7: Schematic illustration of differential conductance by using DC + AC mixed source 
signal [57]. 
 
4.4 I-V curve 
Figure 4.8 and Figure 4.9 indicate the I-V curve results for each device at room 
temperature and low temperature. All measurements were conducted at Vg=0 V. At room 
temperature, all devices showed a linear relationship between the bias voltage (Vsd) and the 
drain current (Isd), which indicates that Ohmic contacts were formed between the Te wires and 
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the gold contacts. At low temperature, device 1-JA exhibited a linear I-V curve, but device 1-WI 
and 2-SF exhibited non-linear I-V curves. These non-linear curves can be attributed to the 
Schottky barrier. At room temperature, the thermal energy is high enough to overcome this 
barrier, but at low temperature, thermionic emissions were likely restricted due to this small 
barrier. There are several possible reasons a non-linear I-V curve was produced such as 
impurities and an oxidation layer on Te surface, but devices 1-JA and 1-WI were fabricated 
using the same procedure, and they were on the same substrate. Generally, there were several 
devices on a substrate so that the transport measurement could be conducted on multiple samples 
in succession. Although the fabrication process was the same for all devices on the substrate, 
only a few devices worked each time. This seems to suggest that the quality of the Te wire may 
be a contributing factor to a non-linear I-V curve result.  
Finally, Figure 4.10 shows the temperature dependence of Isd versus the back gate 
voltage (Vg) for devices 1-JA and 2-SF. For (a) and (d), there are two lines for each temperature 
curve. This is the hysteresis due to the charge accumulation during gate voltage sweeping. The 
resistance of device 1-JA decreased with decreasing temperature due to the decrease of electron 
scattering, which indicates that this Te wire is made of high quality Te crystal. On the other 
hand, device 2-SF showed decreasing resistance until around 240 K, but it exhibited an increase 
of the resistance below 240 K that can be attributed to the fact that the Schottky barrier is 
dominant below 240 K.  
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Figure 4.8: I-V curve at room temperature: (a) device1-JA and 1-WI (b) device 2-SF. 
 
 
Figure 4.9: I-V curve at low temperature: (a) device1-JA and 1-WI at 10 K. (b) device 2-SF at 
2.8 K. 
(a) (b) 
(a) (b) 
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Figure 4.10: Temperature dependence of Isd versus Vg for (a) device 1-JA and (b) device 2-SF, 
and temperature dependence of resistance of for (c) device 1-JA and (d) device 2-SF. (c) and (d) 
were calculated from Isd and Vsd at Vg=0 V. 
 
  
(a) 
(b) 
(c) (d) 
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4.5 Contact resistance and resistivity of device 2-SF 
From the low temperature I-V curve of device 2-SF (Figure 4.9), we estimated its contact 
resistance. Figure 4.11 is the schematic illustration of the 4-teminal contact. The assumption is 
made that each contact had the same resistance and that the resistivity of the Te wire was 
homogeneous. From the intrinsic Te wire resistance 𝑅𝑋𝑋 =
𝑉𝑋𝑋
𝐼𝑠𝑑
 and the 2-terminal resistance 
𝑅2𝑇 =
𝑉𝑠𝑑
𝐼𝑠𝑑
 , the contact resistance 𝑅𝐶 was calculated by the following equation. 
𝑅𝐶 =
𝑅2𝑇 − 𝑅𝑋𝑋
𝐿2𝑇
𝐿𝑋𝑋
2
(4. 1)
 
Table 4.1 and Table 4.2 show the structure size of device 2-SF and the measured current 
and voltage. The device structure size is the assumed value since the device was damaged and 
could not be measured. By substituting these values, the contact resistance was calculated as -13 
kΩ. Equation (4.1) assumes that the resistivity of the Te wire is homogeneous along the wire 
direction. Since a negative contact resistance was calculated, this assumption was not valid for 
this experimental result.  
Table 4.1: Device structure size (Original design value) 
Contact geometry size 
(Original design value) 
Width of inner electrodes Δ [nm] 300 
Inner electrode distance 𝐿2𝑇 [nm] 500 
Outer electrode distance 𝐿𝑋𝑋 [nm] 2700 
Te wire size 
Height [nm] 70 
Width [nm] 300 
 
Table 4.2: Four-terminal measurement result 
Temperature [K] 2.8 300 
Drain current 𝐼𝑠𝑑   [nA] 571 489 
Bias voltage 𝑉𝑠𝑑 [mV] 40 40 
Voltage drop between inner electrodes 𝑉𝑋𝑋 [mV] 10.26 12.32 
Intrinsic Te wire resistance 𝑅𝑋𝑋 [kΩ]  18 25 
Two-terminal resistance 𝑅2𝑇 [kΩ] 70 82 
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The non-linear resistivity can be attributed to two possible causes. The first of these is the 
low quality or deficiency of the Te wire, which may have contributed to additional resistance in 
the region between the inner two electrodes. The second is non-uniform current density 
distribution due to the metal contact and sample geometry [58]. In this case, a correction factor F 
needs to be added to the material resistivity. In Ref. [58], the correction factor was simulated by 
using a finite element model, and it was simulated using three parameters: electrode ratio ER, 
effective thickness ratio 𝑇𝑅𝑒𝑓𝑓, and interface resistance factor α. The electrode ratio ER is 
expressed as 𝐸𝑅 =
Δ
𝑠
 , where 𝛥 is the width of an electrode and s is the electrode distance, and it 
is calculated to be 𝐸𝑅 =
300 nm
500 nm
= 0.6. However, we assumed 𝐸𝑅 =
400 nm
400 nm
= 1 since the actual 
device size is unknown, and since the electrode width may have increased after the electron 
beam lithography. The effective thickness ratio is expressed as 𝑇𝑅𝑒𝑓𝑓 =
𝑡√𝜉
𝑠
, where t is the 
thickness of the sample and 𝜉 is the in-plane and transverse resistivity ratio (𝜉 =
𝜌𝑧
𝜌𝑥
). According 
to Ref. [26], the field-effect mobility ratio of the c-axis and a-axis was estimated as 
𝜇𝑐−𝑎𝑥𝑖𝑠
𝜇𝑎−𝑎𝑥𝑖𝑠
=
1.43. From this result, the in-plane and transverse resistivity ratio 𝜉 is assumed to be 𝜉 =
𝜌𝑎−𝑎𝑥𝑖𝑠
𝜌𝑐−𝑎𝑥𝑖𝑠
= 1.43. Thus, the effective thickness ratio 𝑇𝑅𝑒𝑓𝑓 was obtained as 𝑇𝑅𝑒𝑓𝑓 =
70√1.43
400
 = 0.2. 
The interface resistance factor is expressed as α =
𝑅𝑐
𝑅𝑋𝑋
. At first, we assumed α ≫ 1 since the 
resistance increased with decreasing temperature (Figure 4.10 (d)). In this case the correction 
factor F = 0.5 was obtained [58], and the contact resistance was calculated as 6 kΩ at 2.8 K by 
using the following equation . 
𝑅𝐶 =
𝑅2𝑇 − 𝐹(𝑅𝑋𝑋
𝐿2𝑇
𝐿𝑋𝑋
)
2
(4. 2)
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In this case, the interface resistance factor would be α =
𝑅𝑐
𝑅𝑋𝑋
=
6
25
< 1, which is inconsistent 
with the assumption of α ≫ 1. Thus, we assumed α = 0.1 and obtained the correction factor F = 
0.6 from Figure 4.12 (b). Also, when α = 0.1, the current flows inside the gold contact as 
illustrated in Figure 4.13 because the contact resistance is lower than the Te wire resistance. In 
this case, the Te wire length in which the current flows is shortened by the width of the two inner 
electrodes. From this assumption and the correction factor F=0.6, we calculated the contact 
resistance and resistivity of the Te wire. The resistivity of the Te wire was calculated by 
Equation (4.3), where w is the width of the Te wire. Table 4.3 shows the assumed device 
structure size and Table 4.4 shows the calculated result. 
𝜌 = 𝑅𝑋𝑋
𝑤𝑡
𝐿𝑥𝑥
(4. 3) 
 
Table 4.3: Assumed device structure size 
Contact geometry size 
(Original design value) 
Width of inner electrodes Δ [nm] 400 
Inner electrode distance 𝐿2𝑇 [nm] 400 
Outer electrode distance 𝐿𝑋𝑋 [nm] 1900 
Te wire size 
Height t [nm] 70 
Width w [nm] 300 
 
Table 4.4: Calculated contact resistance and resistivity by using the correction factor F=0.6 
 Temperature [K] 
 2.8 300 
Contact resistance 𝑅𝐶 [kΩ] 9.4 5 
Resistivity 𝜌 [Ω ∙ m] 9.4 × 10−4 1.3 × 10−3 
 
The resistivity of bulk Te along the c-axis at room temperature is 2.6 × 10−3 Ω ∙ m [16]. 
At room temperature, the calculated resistivity was 1.3 × 10−3 Ω ∙ m, which is in the same order 
of magnitude as the bulk resistivity value. Table 4.4 indicates that the contact resistance 
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increased while the resistivity decreased with decreasing temperature, which seems to be a 
reasonable interpretation from the results of the temperature dependence of resistance (Figure 
4.10 (d)) expected as the probability of thermal excitation over the Schottky barrier decreases 
exponentially with decreasing temperature. Since the actual size of the device is unknown, this 
result is more likely qualitative. 
 
Figure 4.11: Schematic illustration of 4-wire resistance measurement. 
 
   
Figure 4.12: (a) Schematic illustration of contact and sample geometry and (b) simulation result 
of correction factor in Ref. [58]. 
 
(a) (b) 
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Figure 4.13: Schematic illustration of the current flow when the contact resistance is lower than 
the intrinsic Te wire resistance. 
 
4.6 Conductance 
To characterize Device1-JA and 1-WI, the source-drain current was measured at each 
gate voltage. Figure 4.14 shows the drain current as a function of bias and gate voltages for 
devices 1-JA and 1-WI at 10 K. The transconductance of both devices was obtained by taking 
the derivative of  
𝑑𝐼𝑠𝑑
𝑑𝑉𝑔
 from Figure 4.14 (a) and (b). Regarding Figure 4.14 (c), there are two 
extreme values at both the negative and positive bias voltages, which indicates that the current 
increase (the slope of the Isd and Vg curve) was hindered between the gate voltage of 40–20 V. 
This could be due to interband scattering [59]. The gate voltage controls the Fermi energy of the 
Te wire. Since Te is a p-type semiconductor, the Fermi energy at Vg > 60 V is located above the 
highest valence band (Figure 4.15 (a)). Decreasing the gate voltage caused the Fermi energy to 
overlap the highest valence band (Figure 4.15 (b)). However, when Vg = 40 V, the Fermi energy 
reached another band (Figure 4.15 (c)), which enabled holes from both bands to contribute to the 
current flow. This interband transition created hole scattering, causing the current to decrease.   
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Figure 4.14: Drain current map of device (a) 1-JA and (b) 1-WI. Transconductance map of 
device (c) 1-JA and (d) 1-WI. The dashed red areas in (c) indicate the current decrease due to the 
interband scattering.  
 
 
Figure 4.15: Schematic illustration of the relationship between the Fermi energy and valence 
subbands (a) Vg > 60 V (b) 40 V < Vg < 60 V (c)  20V < Vg < 40 V for deveice 1-JA. 
 
Figure 4.16 shows the conductance map of device 2-SF for each contact segment by 
using the differential conductance technique described in §4.3. The measured conductance is 
(a) (b) 
(c) (d) 
(a) (b) (c) 
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represented in the unit of quantum conductance 
𝑒2
ℎ
 (3.874 × 10−5 S), where e is the charge of an 
electron and h is the Plank constant. The source voltage was applied in the order of each segment 
name. For example, the current flows from S to V1 in the case of the S-V1 segment. At the S-D 
and S-V1 regions, the conductance is asymmetric regarding the positive and negative Vsd, which 
indicates that the conductance (the slope of I-V curve) is increasing with bias voltage. Another 
remarkable point is that there are diamond shaped patterns (conductance plateaus) at Vg = 40–60 
V in the V1-V2 and V2-D regions. This type of pattern appeared in ballistic electron transport 
[60] and quantum point contacts [61]. However, the patterns in Figure 4.16 (c) and (d) can be 
attributed to the V2 contact interface because this pattern does not appear in the S-D and S-V1 
regions and because the pattern is symmetric when the bias voltage is applied in the opposite 
direction (V1-V2 and V2-D). Generally, the value of conductance is in the order of 
𝑒2
ℎ
 for 
quantum transport. Our measurement showed that the conductance was lower than 
𝑒2
ℎ
 , indicating 
that the electron transport was not ballistic. Although the diamond shaped pattern is not a feature 
of ballistic transport, we focused on the V2-D region to investigate this pattern further. 
 
 
Figure 4.16: Conductance map of device 2-SF for each segment: (a) S-D (b) S-V1 (c) V1-V2 (d) 
V2-D.  
(a) (b) (d) (c) 
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4.7 Magnetic field dependence of device 2-SF conductance 
We applied up to 8 tesla to device 2-SF. Figure 4.17 shows the conductance map with 
and without a magnetic field perpendicular to the device substrate at low temperature. By 
increasing the bias range, the diamond shaped structure is clearly seen in this figure, but there is 
no significant difference in structure between (a) and (b). To observe the small differences 
between (a) and (b), we measured the magnetic field dependence of the conductance at 0 bias 
voltage (Figure 4.18 (a)). Figure 4.18 (b) is the extracted data from (a) at B=2 T. From this 
figure, it is obvious that the conductance decreases by steps with increasing the gate voltage. 
From Figure 4.18 (a), the position of the conductance plateau at around Vg = 57 V slightly 
shifted from lower to higher gate voltages with decreasing the magnetic field. This shift is 
indicated as a dashed red line.  
The reason for obtaining the conductance plateaus is not clear, but we estimated g-factor 
from the following equation [60].  
𝐸 = 𝑔𝜇𝐵𝐵 (4. 4) 
where E is the energy, and 𝜇𝐵 is the Bohr magneton (𝜇𝐵 = 5.788 × 10
−5 eVT−1), and B is the 
magnetic field. To obtain energy E, the lever arm α (the unit of α is eVV−1) needs to be 
calculated from the conductance plateaus. The lever arm α is calculated from the following 
equation as illustrated in Figure 4.19. 
𝛼 =
∆𝐸𝑠𝑢𝑏𝑏𝑎𝑛𝑑
∆𝑉𝐺
=
∆𝑉𝑆𝐷
∆𝑉𝐺
(4. 5) 
Figure 4.17 (c) is the extracted data from Figure 4.17 (a). By focusing the uppermost 
conductance plateau in this figure, the lever arm α was calculated as 𝛼 =
5.2×10−3
10
=0.52 
meVV−1. 
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The slope of the conductance plateau indicated in Figure 4.18 (a) by the dashed red line 
was obtained by the conductance curve fitting expressed as the following equation. 
𝐺(𝑥) = 𝐴 + 𝐵𝑡𝑎𝑛ℎ(−𝑥 + 𝐶) 
 where A, B and C are coefficient values. Since the coefficient C is the middle point of two 
conductance plateaus, we considered this point to be a conductance plateau edge. Figure 4.18 (c) 
indicates a fitting result for the conductance curve at B=2 T, and coefficient C was obtained as 
57.354 V. Figure 4.18 (d) shows coefficient C obtained by curve fitting as a function of magnetic 
field. From the linear fit of Figure 4.18 (d), the slope of the conductance plateau change was 
determined to be 0.043 VT-1, and the gate voltage shift of the conductance plateau edge was 
calculated as 0.043 VT−1 × 8 T = 0.34 V. From this value, the energy E was calculated as 
α × 0.34 = 0.18 meV.  By substituting E=0.18 meV, 𝜇𝐵 = 5.788 × 10
−5 eVT−1, and B=8 T 
into Equation (4. 6), the g-factor was calculated to be 0.39. The g-factor of an electron in a 
vacuum and of bulk tellurium with a magnetic field parallel to the c-axis are 2 and 5 [62], 
respectively. It is known that the g-factor is dependent on the direction of the magnetic field [63]. 
Thus, the relatively low g-factor that was obtained might be due to the magnetic field direction.   
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Figure 4.17: Conductance map with (a) 0 T (b) 8 T magnetic field (c) extracted data from (a). 
The dashed red lines in (c) are the guide lines to the eye, indicating the conductance plateaus. 
  
(a) (b) 
(c) 
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Figure 4.18: (a) Magnetic field dependence of quantized conductance at Vsd = 0 V. The dashed 
red line is a guide line for the eye, indicating the conductance plateau shift. (b) Extracted data at 
B=2 T from (a). (c) Conductance curve fitting for (b) at Vg=54–61 V. (d) The slope of the 
conductance plateau at around Vg=57 V. The gate voltage of the conductance plateau edge was 
obtained from the coefficient C of the fitting curve 𝐺(𝑥) = 𝐴 + 𝐵𝑡𝑎𝑛ℎ(−𝑥 + 𝐶). 
(c) 
(b) 
(d) 
(a) 
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Figure 4.19: Calculation of lever arm α from conduction plateaus (𝛼 =
∆𝑉𝑆𝐷
∆𝑉𝐺
) [64].  
 
4.8 Mobility 
We estimated the mobility using the following equation [65], 
𝜇 =
𝑔𝑚𝐿𝐺
2
𝐶𝑉𝑠𝑑
(4. 7) 
where 𝑔𝑚 = 
𝑑𝐼𝑠𝑑
𝑑𝑉𝑔
,  𝐿𝐺  is the gate length, C is the capacitance of the wire, and 𝑉𝑠𝑑 is the bias 
voltage. Capacitance C was calculated by using Equation (4. 8) [65], 
𝐶 =
2𝜋𝜀𝐿𝐺
ln [
𝑡𝑜𝑥 + 𝑎 + √(𝑡𝑜𝑥 + 𝑎)2 − 𝑎2
𝑎 ]
(4. 8)
 
where 𝜀 is the insulator dielectric constant, 𝑡𝑜𝑥 is the insulator thickness, and a is the Te wire 
radius. Table 4.5 lists the parameters used for estimating the mobility for device 1-JA and device 
2-SF, and Table 4.6 shows the calculated mobility.  
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Table 4.5: Mobility calculation parameters 
Device 1-JA 2-SF 
Temperature [K] 10 300 2.8 300 
ε0 [Fm-1] 8.9× 10−12 
ε 3.9 
Lg [μm] 5.0 2.7 
tox [nm] 300 
a [nm] 80 35 
C [F] 4.8× 10−16 3.7× 10−17 
Vsd [mV] 200 100 10 12.3 
gm [S] 4.0× 10−7 3.8× 10−8 7.5× 10−9 4.3× 10−9 
 
Table 4.6: Mobility calculation result 
Device 1-JA 2-SF 
Temperature [K] 10 300 2.8 300 
Mobility [cm2V-1s-1] 1032 194 51 23 
 
Device 2-SF showed much lower mobility than device 1-JA. This can be attributed to the 
low quality of the Te nanowire since the mobility of device 2-SF was measured by 4-terminal 
measurement. Regarding device 1-JA, it showed a mobility of 1032 cm2V-1s-1. In Ref. [53], a Te 
wire was fabricated on a SiO2 substrate by molecular beam epitaxy (MBE), and a mobility of 
707 cm2V-1s-1 was obtained at room temperature. Also, in Ref. [26], a Te flake with 15 nm 
thickness showed around 700 cm2V-1s-1 mobility at room temperature. In our experiment, device 
1-JA showed a mobility of 194 cm2V-1s-1 at room temperature, which was much lower than that 
of these two references. One possible reason is the difference of the growth method. The Te wire 
grown by MBE [53] might be higher crystal quality than that of physical vapor deposition. 
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Chapter 5 Summary and future work 
5.1 Summary 
This research focused on the characterization of nanoscale Te obtained by exfoliation and 
physical vapor deposition. Mechanical exfoliation, that is manually rubbing a single Te crystal 
on SiO2 substrates, was demonstrated to fabricate thin Te flakes with heights of 10–15 nm and 
ultra-thin wires with heights of 1–2 nm and lengths of around 100 nm. The chain direction of 
ultra-thin wires was determined by polarized Raman spectroscopy, and this technique was useful 
for samples whose chain direction was ambiguous from optical microscope images. However, 
the probability of producing thin flakes and wires by mechanical exfoliation was quite low, thus, 
we conclude that exfoliation is likely not a viable route for synthesizing single atom chains.  
For the purpose of creating single atom chains, we investigated Te and Se crystal 
synthesis on SiO2 substrates and r-plane sapphire substrates with atomic steps by physical vapor 
deposition. Single crystal wires were fabricated from the amorphous Te or Se seeds. By applying 
the standard tape exfoliation method to grown Te and Se crystals, Te flakes with a height of 60 
nm and Se flakes with a height of 30–40 nm were obtained. There was no significant difference 
between SiO2 and r-plane sapphire substrates with atomic steps. 
Transport measurements were carried out on three Te nanowire devices: 1-JA (2-
terminal), 1-WI (2-terminal), and 2-SF (4-terminal). Devices 1-JA and 2-SF exhibited a field 
effect mobility of 1032 cm2V-1s-1 and 51 cm2V-1s-1, respectively, at low temperature. The 
difference in these mobilities can be attributed to the quality of the nanowire. From the 4-
terminal measurement of device 2-SF, the contact resistance and resistivity of Te were estimated 
to be 9.4 kΩ and 9.4×10-4 Ω ∙ m at a temperature of 2.8 K by applying a correction factor of 0.6 
to correct for the non-uniform current density distribution inside the nanowire. 
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5.2 Future work 
We were not able to synthesize Te or Se single atom chains using atomic step substrates 
with physical vapor deposition. However, it would be quite interesting to apply molecular beam 
epitaxy (MBE) to an atomic step substrate since ultra-thin MoS2 wires with three atomic chains 
were demonstrated by combining MBE and an atomic step gold substrate [45]. Several studies 
succeeded in the synthesis of a few layers of Te by MBE on both a graphene/6H-SiC(0001) 
substrate [21] and a highly oriented pyrolytic graphite (HOPG) substrate [66]. One of the issues 
with MBE growth is lattice matching between the target material and the substrate, though this 
has been overcome by applying van der Waals (vdW) epitaxy in Ref. [21]. To our knowledge, 
MBE growth of selenium has not been reported by any groups. Selecting the proper substrate 
with atomic steps could be an issue for the growth of Te and Se single atom chains, but this 
method is thought to be a promising route for their synthesis. 
Meanwhile, further investigation about transport measurement of Te nanowires is 
essential since Te has the potential of exhibiting quantum effects due to its high mobility and 
strong spin-orbit interaction. For instant, simply changing the insulator from SiO2 to higher 
quality ones such as hafnium oxide and hexagonal boron nitride and by decreasing the gate 
length, ballistic transport could be observed.  
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Appendix 
Gold markers and metal contacts were fabricated by the following recipe (Table A). The 
resists were baked before and after each resist coating.  
 
Table A: Gold makers and metal contacts recipe 
Device 1-JA and 1-WI 2-SF 
Resist 
coating 
Resist 
1st: MMA 
2nd: PMM 
1st: MMA 
2nd: CSAR/Anisole(1:1) 
Coating speed [rpm] 4000 4000 
Coating time [min] 1 1 
Resist baking 
Temperature [℃] 100 140 
Time [min] 10 5 
Environment Atmosphere Inside glovebox 
Gold markers 
Develop MIBK/IPA 20min 
n-amyl acetete 30s 
MIBK/IPA 45s 
Metal deposit 
Cr 1nm Cr 0.9nm 
Au 50nm Au 60nm 
Lift off Acetone Remover1165/Acetone (1:1) 
Contacts 
Develop MIBK/IPA 60s 
n-amyl acetete 30s 
MIBK/IPA 45s 
Metal deposit 
Cr 0.9 nm  
(30deg angled) 
Cr 0.9 nm 
Au 100 nm  
(30deg angled) 
Au 120 nm 
Lift-off Solution Acetone Remover1165/Acetone (1:1) 
 
 
